Amorphous carbon films with variable sp3 content were produced by ArF (193nm) pulsed laser deposition. An in-situ ion probe was used to measure kinetic energy of C ions. In contrast to measurements made as a function of laser fluence, ion probe measurements of kinetic energy are a convenient as well as more accurate and fundamental method for monitoring deposition conditions, with the advantage of being readily transferable for inter-laboratory comparisons. Electron energy loss spectroscopy (EELS) and spectroscopic ellipsometry measurements reveal that tetrahedral amorphous carbon (ta-C) films with the most diamond-like properties are obtained at the C ion kinetic energy of -90 eV. Film properties are uniform within a 1 2-1 5°a ngle from the plume centerline. Tapping-mode atomic force microscope measurements show that films deposited at near-optimum kinetic energy are extremely smooth, with rms roughness of only 1 A over distances of several hundred nm. Field emission (FE) measurements show that ta-C does not appear to be a good electron emitter. After conditioning of ta-C films deposited on n-type Si a rather high turn-on voltage of -50 V/jim was required to draw current of -1 nA to the probe. The emission was unstable and typically ceased after a few minutes of operation. The FE tests of ta-C and other materials strongly suggest that surface morphology plays a dominant role in the FE process, in agreement with conventional Fowler-Nordheim theory.
INTRODUCTION
Hard amorphous carbon films has drawn significant attention of the industrial and scientific communities since the first reports on their deposition more than two decades ago" 2 More recent studies have focused on hydrogen-free amorphous diamond films (also known as tetrahedral amorphous carbon, ta-C) that have superior diamond-like properties3' ", such as high hardness, a large (-2 eV) optical (Tauc) band gap and a low coefficient of friction, as well as chemical inertness and excellent thermal stability. In contrast to graphite and diamond, two crystalline forms of C, in which all C atoms have either the sp2, three-fold (graphite) or the sp3, four-fold (diamond) bonding configuration, a-C is a mixture of sp2 and sp3-bonded C atoms. Conventional amorphous carbon (a-C) prepared by evaporation or sputtering consists mostly of sp2-bonded C atoms5. In contrast, ta-C films contain a large fraction (up to 75-85%)of sp3-bonded C atoms and are synthesized using a variety of energetic-beam methods6 including filtered cathodic vacuum arc (FCVA), mass-separated ion beam deposition (MSIBD) , and pulsed laser deposition (PLD).
The amount of sp3 bonding in ta-C and consequently its diamond-like properties depend upon the kinetic energy (KE) of the carbon species being deposited. The early work by Pappas et al.7 established such a correlation for PLD. Other early experiments using FCVA, PLD, and other methods showed that films with nearly maximal sp3 content as well as highly diamond-like properties could be produced using carbon ions whose KE ranged from -20 eV to at least several hundred eV6. For FCVA it recently was established that the highest sp3 fraction is obtained for C ions with KE of 80-100 eV8' Similarly, recent PLD experiments in our laboratory" 12 show that the sp3-bonded fraction, film density, and optical (Tauc) band gap all reach their maximum values for incident carbon ion kinetic energies of -90 eV. In this paper we summarize the results of our previous work and also report additional data on the systematic study of changes in the bonding, optical properties, and surface morphology of PLD ta-C films as a function of the C' ion KE.
Recently, materials that have electronic conduction-band states with low or negative electron affinity became of great interest as they might be used for fabrication of cold cathodes for flat panel displays and similar applications. It has been established that diamond can possess a negative electron affinity surface'3' 14 which, in principle, should allow for electron emission under very low electric fields. Unfortunately, n-doping of bulk diamond is problematic and the transport of electrons to the conduction band, required for field emission applications, is difficult to achieve. As a result, despite its low electron affinity, single crystal diamond is not a good electron emitter. Recently, a few studies of FE from ta-C were reported. The results are mixed as some researchers found ta-C to exhibit very good FE properties'5 while the others'6' 17 do not confirm these results. In this work we report the results of our investigation of field emission properties of ta-C as well as predominantly sp2-bonded a-C films.
EXPERIMENTAL
ta-C films were prepared in a high vacuum chamber with a base pressure of 3 x 108 Torr using a Lambda Physik Compex 301i pulsed excimer laser operated with ArF (193 nm). ArF PLD is advantageous over longer wavelengths for deposition of ta-C in that it requires lower energy fluences to produce high quality films'2. In addition, the ablated flux in ArF PLD consists mostly of monoatomic C species even at relatively low fluences'8 which allows for simpler characterization of deposition conditions. Maximum laser fluences at the target were 8 J/cm2 and produced C KE -100 eV. Higher energy carbon ions were produced using a Questek 2960 excimer laser. The Questek has shorter pulse duration, higher pulse energy, and a sharply peaked beam profile which allowed C ions to be produced with kinetic energies up to 225 eV. 2.54-cm diameter pyrolytic graphite targets containing < 10 ppm total impurities (Specialty Minerals, Inc., Easton, PA) were used. The substrates were kept at room temperature and placed at variable distances (4.8-7.3 cm) from the target. Typical deposition rates were 0.03-0.1 A/shot. An ion probe'9 was used to determine the kinetic energy of ablated C ions. It consisted of a bare coaxial-cable tip biased at -100 V and mounted on an arm that rotated it in an arc passing through the center of the ablation plume. The time corresponding to the ion current peak ("icp") was used to calculate a velocity and corresponding kinetic energy of C ions, KE1.
For spectroscopic ellipsometry (SE) and atomic force microscopy (AFM) measurements -.70-200 nm thick ta-C films were deposited on p-and n-type (001)-oriented Si wafers. Surface roughness studies were carried out using a Nanoscope III AFM (Digital Instruments). A tapping rather than contact mode AFM was utilized because SiN tips used for contact-mode measurements are quickly damaged by the extreme hardness of ta-C films, resulting in degraded image quality. The SE measurements were made using the two-modulator generalized ellipsometer (2-MGE)2° operating from 250 to 850 nm. The SE results were fit using a 5-medium model consisting of air! surface roughness/ ta-C film! interface! Si, where the optical properties of ta-C films were modeled using the 5-parameter Tauc-Lorentz (U) formulation for the optical functions of amorphous materials2' . Previous studies22 have shown that this model fits SE data taken on a wide range of amorphous materials, yielding the thickness of each layer, the Tauc (optical) band gap, and the optical functions of the film.
For EELS measurements ta-C was deposited on freshly cleaved NaCl substrates which were subsequently dissolved in DI water and the resultant free-standing ta-C films were placed on folding Ni ThM grids. The thickness of the films was -30 nm which is substantially lower than the mean free path for 100 keV electrons (> 50 nm). In this case the effect of multiple scattering can be neglected. The EELS measurments were carried out using a VG HB5O1 STEM fitted with a high sensitivity parallel EELS and operated at 100 keV. The energy resolution was I .I eV during the measurements, as determined by the FWHM of the zero-loss peak. We did not observe any notable degradation or contamination of the specimens throughout the experiments.
Field emission measurements were carried out in a high vacuum chamber with a base pressure of 106 Torr. The measurements were taken by applying a positive voltage to a tungsten-carbide current probe (anode) with tip diameter of -25 im and by collecting electrons emitted from the samples tested (cathode). The current probe stage motion was computer controlled with the minimum step size of 75 nm in x-y-z directions, which allowed for precise control of the distance between the probe and the sample.
RESULTS AND DISCUSSION
3.1 EELS and ellipsometry measurements of sp3 fraction, film density, and optical band gap EELS spectra also were measured in the low-energy range and are shown in Fig. lb . The broad peak around 30 eV is associated with collective excitation, or a plasmon, of the valence electrons23. Using a simple Drude-like model, the energy of this plasmon is proportional to the density of ta-C films24 : the higher the plasmon energy, the higher the film density. As two reference points one can use the plasmon peak position of graphite (-26.5eV) and of diamond (33.6 eV).
The analysis of the sp3 fractions in the ta-C films was performed in a way similar to that of Berger et al. 23 . The sp2 fraction, f. is calculated by taking the ratio of integrated intensities of the 1sic* and 1sG* peaks, I I It,, and by comparing it to that of arc-evaporated a-C, which is assumed to be entirely sp2 bonded. The sp3 fraction is then simply l-f2. There are quite a few uncertainties in the data analysis and interpretation associated with this od'1 . In addition, the difficulty of sample preparation is also an issue for this technique. Yet, in spite of these problems, EELS is currently the most-used tool for analyzing the sp3 fraction in ta-C. Partly this is due to the absence of any more suitable alternative method, although uv Raman scattering may be a good candidate. In contrast to conventional Raman scattering in the visible, uv Raman scattering directly reveals the presence of sp3-bonded C atoms25'26 and therefore provides a potential means of simple, 497 The K-edge spectra of ta-C films deposited by ArF PLD with various C' ion kinetic energies (KE) corresponding to the ion current peak at the ion probe are shown in Fig. la . The spectra exhibit two main features: a peak at 285 eV and a broad band with a maximum at 293 eV. These features are due to lsir* and ls* electronic transitions, respectively3.
The former is associated with sp2-bonded C atoms and the latter with both sp2 and sp3 C atoms. One can see that the relative intensity of the lsit* peak changes with the C ion KE and becomes the lowest for the films prepared with KE in the range of 70-1 20 eV. This corresponds to the materials with the lowest sp2 content and hence more diamond-like properties. nondestructive characterization of ta-C films. We believe that a combination of techniques, such as EELS, ellipsometry, Raman scattering, and possibly others, is required to fully characterize such a complicated material as ta-C. Nevertheless, EELS provides a reasonable sp3 estimate suitable for most practical applications.
Briefly, the EELS data analysis includes decomposition of the 1sit* and 1s* peaks via a best fit of a Gaussian into the lower energy edge of the latter. The value of I was taken as an integral over the energy range of 290 -3 10 eV which is large enough to avoid any significant systematic error. The extracted sp3 fractions as a function of C ion KE are shown in Fig. 2a . The sp3 fraction clearly exhibits a maximum of 73% at -90 eV. This is consistent with the optimum KE obtained for FCVA deposition of ta-C. Fig. 2b shows that the position of the C plasmon peak also reaches its highest value of -30.9 eV at KE 90 eV. This behavior is expected since higher plasmon peak energy corresponds to higher film density, which is characteristic of more diamond-like films with higher sp3 content. It should be noted that the plasmon peak position can serve as a useful tool for correlating the sp3 fractions obtained by different research groups. Inter-laboratory discrepancies in the estimate of sp3 fractions can arise from various factors, including structural differences in sp2 calibration samples, variations in the energy ranges and fitting procedures used to define I and I, and differences in EELS resolution. The position of the plasmon peak is a more settled parameter and therefore can be used as a reference point for extracting the sp3 fraction.
The EELS results were correlated with scanning ellipsometry (SE) measurements of the optical properties of ta-C films. The optical energy gaps extracted from the SE measurements are shown in Fig. 2c as a function of the C ion
The trend is very similar to that observed for the sp3 fraction and for the position of the plasmon peak. The energy gap is lower for the films prepared at low KE1, reaches its maximum at KE1 -90 eV, and decreases for higher values of This is consistent with the variation of the sp3 fraction in these materials: sp3 rich films are expected to have a larger optical gap (5.5 eV for pure crystalline diamond) and the gap disappears for predominantly sp2-bonded carbon.
Spatial variation of film thickness and optical band gap of ta-C films
Measurements of the angular distribution of the C KE1 also were carried out since this determines the maximum area within which spatially uniform film properties can be obtained at any given target-substrate separation, As shown in Fig. 3 , was nearly constant (±10%) within a half-angular range of 12 to 15 degrees on either side of the plume centerline. At = 1 0 cm, for instance, this corresponds to a 20 cm2 region of uniform film properties. ANGLE FROM PLUME CENTERLINE (deg) Figure 3 . Angular variation of C ion kinetic energy for AsP (193 nm) and KrF (248 nm) laser ablation of pyrolytic graphite.
Also, SE measurements of ta-C films deposited on 7.5 cm diameter Si wafers were employed to study film properties as a function of distance away from the plume center. It was found that not only film thickness but also the optical energy gap (Es) varied with distance away from the plume center. This is due to the fact that diamondlike properties are a function of C ion KE which, in turn, depends on the angle from the plume centerline (see Fig. 3 ). If KE at the plume center is not substantially higher than 90 eV, as shown in Fig. 4 , then uniform diamond-like properties (Eg constant) result over a large central area with properties changing rapidly only further away. However, if a much higher central KEK is used, such as in the case of KE= 200 eV presented in Fig. 4 , then a degraded central area is produced (with Eg increasing away from center) surrounded by a ring of the most diamond-like ta-C, with a rapid fall-off in properties still further away. These angular dependences of Eg are consistent with the energy dependence shown in Fig. 2c and the angular distribution of KE, in Fig. 3 and again confirm the existence of the optimum KE of -90 eV for ta-C film deposition. 
AFM studies of surface roughness of taC films
The AFM images shown in Fig. 5 reveal that ta-C films deposited at KE, values of 26, 44, and 90 eV all are quite smooth but still display systematic differences in roughness that are correlated with the KE, of the C ions used for deposition. Films deposited at 90 eV are extremely smooth with an rms roughness of -O.9 A measurei over (200 nm)2 areas. For 26 and 44 eV the corresponding rms roughness values are -'1.6 A. Similarly, the Z-range of height variation within the (200 nm)2 area increases from -0.9 A (at 90 eV) to -1.6 A (at 26 eV). We note that these energetically deposited carbon films also are relatively free of the large (.-sm scale) particulates sometimes produced by pulsed laser deposition, with typical and largest particulate diameters of -2-10 nm and 100 nm, respectively.
The tapping mode (TM) AFM results of Fig. 5 are in good agreement with the AFM measurements reported by Lifshitz6 for ta-C films deposited on silicon substrates by the MSIBD method. Lifshitz found a pronounced increase in roughness for films deposited at a C ion kinetic energy of 10 eV but very smooth films for kinetic energies ranging from 50 eV up to 10 keV. The emission current-applied electric field (I-E) measurements were done at a fixed distance between the probe and the sample and are shown in Fig.6 . The macroscopic electric field, E, was simply calculated as the probe voltage divided by the probe-sample distance. A typical turn-on voltage required to draw field emission current of -1 nA from highly sp3-bonded C films was found to be -50 V/urn. This is substantially higher than that obtained for other forms of carbon materials, such as nanostructured C films'7, CVD diamond27, nanodiamond28, and carbon nanotubes29. In fact, conventional, predominantly sp2-bonded a-C prepared by PLD with low C ion kinetic energies exhibits very similar field emission characteristics, with even lower fluctuations of the emission current (see Fig. 6b ). The emission curves follow the Fowler-Nordheirn (FN) behavior as shown in the insets of Fig. 6a and 6b . Using a simplified FN equation3° and assuming the work function of graphite (t = 4.6 eV) for amorphous C films, it is possible to estimate the emission area (EA) and the geometric enhancement factor (13) of the electric field due to sample's surface morphology. The calculations yield high 13-. 100-150
and low EA 102 jm2 for both ta-C and sp2-bonded a-C films. Also, it has to be noted that "conditioning" was required to obtain emission from all samples tested. The conditioning typically resulted in arcing occurred between the probe and the sample as the electric field was increased from 0 to 100-200 V/jim. SEM was employed to study changes in surface morphology that occurred after the arcing. It was found that at the location where the arcing had taken place a crater of once-molten C film and Si substrate formed (see Fig. 7 ). Given this fact and the FE characteristics of ta-C films described above, we conclude that FE from ta-C is not due to its low electron affinity but rather should be attributed to the sharp protrusions around the crater formed during the arcing. The protrusions geometrically enhance the electric field around them, thereby providing for electron emission at moderate fields. average FE properties of the material over large surface areas. Also, in this method the leakage current across the spacers separating the anode from the cathode (sample) is rather difficult to distinguish troni the true FE current.
Finally, stability tests of FE from ta-C films were pertormed and a representative run is shown in Fig. 8 . We have found the FE to be typically quite unstable and stop after a few minutes of operation. This can be attributed to the fact of the emission sites being quite sharp. As a result, they draw extremely high current densities and consequently burn out rather quickly. In addition, rather poor vacuum of l0' Torr may also he an issue as the ion bombardment during the FE measurements may severely damage and consequently terminate the emitting sites. Figure 7 . SEM image of a crater formed as a result of the conditioning process (arc discharge) of amorphous C films.
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Time (sec) Figure 8 . Instability of field emission from ta-C films.
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SUMMARY AND CONCLUSIONS
In conclusion, the combination of ArF pulsed laser deposition and in situ ion probe measurements allows for deposition of ta-C films with well-controlled diamond-like properties. EELS measurements show that both the sp3 fraction and the plasmon peak energy (-film density) reach their maximum values of -73% and 30.9 cV in Iilms deposited at KE1, -90 eV. Scanning ellipsometry measurements reveal that the optical (Tauc) energy gap is also maximized (-2.0 eV) at 90 eV, consistent with the presence of the highest sp3 fraction. This combination of independent optical and electronic measurements provides strong evidence of an optimum kinetic energy KE 90 eV for ArF PLD of ta-C. Measurements of the angular distribution of C kinetic energy show that films with highly uniform (±10%) diamond-like properties are obtained within a half-angular range of at least 12-15 degrees on either side of the plume centerline. Tapping-mode AFM measurements show that films deposited at near-optimum KE are extremely smooth, with rms roughness of only -I A over distances of several hundred nm, and are relatively free of particulates. A distinct increase of surface roughness is observed with decreasing C ion K.E and is associated with the increase in sp2-bonding fraction. Finally, field emission measurements reveal that ta-C does not posses low electron affinity and consequently exhibits rather poor field emission characteristics (high turn-on voltages, strong current fluctuations, short life-time). However, we believe that other kinds of C-based materials, such as nanodiamond, nanotubes, and nanostructured C films, are exceptionally good candidates for various FE applications.
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